The development of robust carbon soot combustion catalysts is one of the key points in realizing a sustainable chain of reactions to remove noxious compounds (NO~X~, VOC, and soot) from diesel engines. In this regard, CeO~2~-based materials play a major role as documented by the great variety of formulations that have been tested over the last few years.\[[@b1]\] In particular, ceria-rich CeZrO solid solutions have been shown to offer good textural and redox behavior; this, coupled with their thermal and structural stability, results in optimal soot oxidation catalysts.\[[@b2]\] In parallel with the development of novel compositions, the understanding of how ceria works in this complex and somewhat unusual environment, where both catalyst and one reagent are in solid phase, has considerably progressed. The active ingredients for carbon oxidation are the so-called "active oxygen species", highly reactive species generated by exchanging ceria oxygen with gas phase oxygen through vacancy formation. It is the morphology of catalyst--carbon contact points/interface that make possible a rapid transfer of these surface oxygen species (reverse spillover) over carbon soot for oxidation in a manner similar to that described for metal nanoparticles in contact with ceria surfaces,\[[@b3]\] thus highlighting the importance of catalyst--carbon contact in promoting soot oxidation activity. With the aim of better understanding this complex matter we report here for the first time the creation of a nanoscale soot/ceria--zirconia composite by a mechanical process, where a nanometer-thin porous carbon envelope covers ceria-zirconia particles creating a "supertight" catalyst-soot contact which dramatically boosts soot oxidation rates by activating oxygen transfer at very low temperatures compared to the most active catalysts available. This observation confirms the important function of redox chemistry of ceria in generating active oxygen species which play a pivotal role in reducing the soot oxidation temperature, and provides an additional piece of information for understanding at nanoscale level the influence of the catalyst--carbon contact morphology in the soot combustion reaction.

A sample of ceria-zirconia particles of composition Ce~0.8~Zr~0.2~O~2~ (CZ) prepared by co-precipitation was investigated in this study. The material crystallizes in a cubic fluorite structure, as expected for the Ce/Zr ratio;\[[@b4]\] the redox behavior, as shown by temperature-programed reduction ([Figure S1](#SD1){ref-type="supplementary-material"}) is characterized by a single broad peak of hydrogen consumption in the temperature range of 300--650 °C, with a total H~2~ uptake of 1191 μmol g^−1^, corresponding to a Ce^4+^/Ce^3+^ reduction degree of about 40 %. The conventional mixing of ceria--zirconia particles with carbon soot (weight ratio catalyst:soot of 20:1) was carried out in conventional tight contact mode by mixing soot and catalyst in an agate mortar for ten minutes. This sample was compared with additional samples where the contact between carbon and catalyst was achieved by high-energy milling; the two components were milled in a high-energy mill using ZrO~2~ vials and balls. The milling time was set from 10 minutes to 8 h. The X-ray diffraction (XRD) profiles of the milled samples do not show any significant modification of the ceria--zirconia structure and all samples can be indexed in a fluorite cubic cell (see [Figure S2 and Table S1](#SD1){ref-type="supplementary-material"} in the Supporting Information). Textural properties indicate that milling causes a partial surface area loss, that is typically observed upon milling of a high-surface-area powder\[[@b5]\] and which is in agreement with an increase of the particle size observed by XRD (Table [1](#tbl1){ref-type="table"}).

###### 

Characteristics and activity data of Ce~0.8~Zr~0.2~O~2~/soot (CZ/C) mixtures

  Sample             SA^\[a\]^ \[m^2^ g^−1^\]   PS^\[b\]^ \[nm\]   *T*~50~^\[c\]^ \[°C\]   *T*~m1~/*T*~m2~^\[c\]^ \[°C\]   Reaction rate^\[d\]^ (air) (N~2~)   *E*~a~^\[e\]^ \[kJ mol^−1^\]   
  ------------------ -------------------------- ------------------ ----------------------- ------------------------------- ----------------------------------- ------------------------------ -------------
  CZ                 85                         5                  /                       /                               /                                   /                              /
  CZ/C tight         81                         5                  380                     380                             9                                   n.m.^\[g\]^                    n.d.^\[f\]^
  CZ/C milled 10 m   75                         6                  345                     354                             60                                  n.m.                           82
  CZ/C milled 40 m   68                         8                  326                     267/340                         71                                  n.m.                           92
  CZ/C milled 1 h    68                         8                  319                     268/338                         91                                  8                              81
  CZ/C milled 2 h    57                         9                  287                     263/339                         155                                 14                             82
  CZ/C milled 4 h    39                         10                 273                     269                             322                                 17                             81
  CZ/C milled 8 h    36                         11                 265                     265                             515                                 35                             73

\[a\] Surface area. \[b\] Particle size calculated with Scherrer equation. \[c\] *T*~50~, temperature at which 50 % of soot weight is lost under working conditions. The *T*~m~ peak temperature as given by the derivative weight loss function. \[d\] Reaction rate measured at 200 °C in air and inert atmosphere (μg~soot~/g~soot~^\*^s^\*^ m^2^). \[e\] Activation energy calculated in the temperature range of 160--200 °C for reactions carried out in air atmosphere. \[f\] Not determined. \[g\] Not measurable (below the detection limit).

The morphology of selected samples before and after milling was investigated by high-resolution transmission electron microscopy (HRTEM). Figure [1 A](#fig01){ref-type="fig"} shows a HRTEM image of a Ce~0.8~Zr~0.2~O~2~ sample and soot mixed under tight contact mode. The oxide nanoparticles are completely crystalline and their sizes range between 4 and 6 nm. The Fourier Transform (FT) image shows rings corresponding to the fluorite planes characteristic of Ce~0.8~Zr~0.2~O~2~. Another image is shown in Figure [1 B](#fig01){ref-type="fig"} for the same sample, where the FT image displays the spots of CZ as well as wide patches at 3.4 Å, which are characteristic of soot. After milling for 1 h, the distribution of the particle size is much broader and shifted towards larger sizes, which is in agreement with powder XRD and Brunauer---Emmett---Teller (BET) analysis. In Figure [1 C](#fig01){ref-type="fig"}, large particles of CZ (10--15 nm) are visible along with soot globules.

![HRTEM images of Ce~0.8~Zr~0.2~O~2~ and soot mixed A,B) in tight contact mode (weight ratio catalyst:soot of 20:1) and C) after milling for 1 h. In all cases soot globules (lattice fringes at 3.4 Å) are identified in contact with crystalline CZ nanoparticles.](anie0054-14040-f1){#fig01}

After milling for 4 h, soot aggregates have disappeared to a large extent, and carbon can be observed prevalently as a thin shell over the CZ crystallites or with a loose morphology (Figure [2 A](#fig02){ref-type="fig"}). On the other hand, the size of the CZ crystallites is considerably larger than in the previous samples, which now ranges from 10 up to 30 nm. After 8 h milling there were no soot clumps and soot has formed a thin layer over the ceria particles in intimate contact (core-shell structure). For example, in the HRTEM image depicted in Figure [2 B](#fig02){ref-type="fig"} a thin layer of soot is recognized over the ceria crystallites. This soot layer is even more disordered than in the previous samples. Figure [2 C](#fig02){ref-type="fig"} displays two ceria--zirconia nanoparticles showing lattice fringes at 3.11 Å corresponding to (111) crystallographic planes of the CZ lattice. These crystallites are mostly covered by a quasi-monoatomic soot layer, which should be highly reactive. The presence of a very thin carbon layer is also indirectly supported by the distribution of Ce, Zr and carbon atoms on the surface as measured by X-ray photoelectron spectroscopy (XPS) on selected samples ([Figure S3](#SD1){ref-type="supplementary-material"}). The metal-to-carbon atomic ratio increases with milling time from 0.6 (tight contact) to 1.8 (8 h milling); this is consistent with a progressive substitution of localized large carbon clusters with a thin carbon layer distributed over the surface, which permits the photoemitted electrons from underneath Ce and Zr atoms to reach the surface.

![HRTEM images of Ce~0.8~Zr~0.2~O~2~ and soot (weight ratio catalyst:soot of 20:1) A) after milling for 4 h and B, C) 8 h. Soot aggregates have disappeared upon milling and soot is present as a thin shell wrapping the CZ crystallites.](anie0054-14040-f2){#fig02}

Soot oxidation profiles, as obtained from weight loss curves, are shown in Figure [3](#fig03){ref-type="fig"} for all samples. The *T*~50~ and *T*~m~ values are reported in Table [1](#tbl1){ref-type="table"} for comparison. (*T*~50~ is the temperature at which 50 % of the soot weight is lost under working conditions and the corresponding derivative function will give the peak temperatures indicated as *T*~m~.) For ceria-zirconia particles under tight contact conditions the profile is characterized by one single signal in the range of temperatures of 300--450 °C with a maximum at 380 °C, which is in agreement with previous investigations;\[[@b2b], [@b4], [@b6]\] prolonged mixing under tight conditions does not modify *T*~m~ values. After high-energy milling for 10 minutes, the oxidation profile is not modified and the *T*~50~ value is shifted at lower temperature by 35 degrees. This is likely the result of a more efficient mixing between carbon and catalyst. By increasing the milling time, the oxidation profiles of the samples are strongly altered; they are characterized clearly by a bimodal shape with one component gradually rising at low temperature with increasing milling time (*T*~m1~ at ca. 265 °C), which is associated to the oxidation of the carbon layer wrapping the CZ particles, and the other component with a peak at a high temperature (*T*~m2~ at 340 °C), which is related to the oxidation of bigger soot clumps and decreases with increasing milling time.

![TGA profiles in air of CZ/C mixtures (catalyst:soot ratio of 20:1) treated at different milling time. A) Weight loss curve (% wt) with indication of the temperature at which 50 % of soot weight is lost under working conditions. B) The corresponding derivative weight loss function with peak profiles because of oxidation. The limit values of *T*~50~ and *T*~m~ measured after 0 (tight) and 8 h milling are highlighted; all the other values are reported in Table [1](#tbl1){ref-type="table"}.](anie0054-14040-f3){#fig03}

Remarkably, the oxidation of soot using the sample milled for 8 h, in agreement with its morphology, has one peak only at *T*~50~=*T*~m~=265 °C and the high-temperature component, typical for the oxidation of soot clumps under tight conditions, has completely disappeared. Similar results are obtained when soot oxidation is carried out under temperature programmed oxidation (TPO) conditions ([Figure S4](#SD1){ref-type="supplementary-material"}) where the maximum oxidation temperatures are located between 250 and 270 °C with the onset of oxidation for the most active samples in the range of 50--100 °C. These values are exceptionally lower than those observed for any other soot oxidation catalysts under the same conditions. CO~2~ is the main oxidation product and only traces of CO were detected. To confirm the assignments of the two peaks to oxidation of the carbon layer and soot clumps, respectively, a series of HRTEM images were taken over the sample milled for two hours by stopping TPO at increasing temperatures. The results ([Figure S5](#SD1){ref-type="supplementary-material"}) indicate that the carbon layer is gradually oxidized below 300 °C and only soot aggregates are found at higher temperatures, slowly vanishing in the range of 300--450 °C.

Oxidation of soot using catalyst:carbon ratios of 10:1 and 4:1 results in oxidation profiles showing two peaks, even after prolonged milling ([Figure S6](#SD1){ref-type="supplementary-material"}). This observation is in agreement with the fact that when the amount of carbon exceeds that required to form a thin envelope, the rest will form aggregates that are less prone to oxidation, originating the high-temperature component in addition to the low-temperature peak. The presence of residual soot clumps in these samples is confirmed by HRTEM ([Figure S7](#SD1){ref-type="supplementary-material"}). A series of samples were also tested where soot and catalyst were individually milled using a high-energy mill and then mixed under conventional tight conditions. The oxidation temperatures in this case do not differ from those observed for conventional tight CZ/soot samples, indicating that the milling of the single components does not induce any modification in the material that can be responsible for the promotion of the oxidation behavior ([Figure S8](#SD1){ref-type="supplementary-material"}).

In addition to the *T*~50~/*T*~m~ values, quantitative measurements of the specific activity under isothermal conditions (both in the presence and absence of oxygen) were also carried out. The results are collected in Table [1](#tbl1){ref-type="table"} and clearly show that samples prepared by milling have an exceptional specific activity already at 200 °C, a few orders of magnitude higher than that observed for samples prepared under tight conditions. The catalysts are remarkably more active also in the absence of gas-phase oxygen; under these conditions oxidation occurs at the expenses of surface/lattice ceria oxygen and it is measurable already at 200 °C. However, because of the lack of sufficient transferable oxygen, complete soot oxidation cannot be accomplished under these catalyst/carbon loadings. The use of lattice oxygen is also confirmed by monitoring the oxidation state of Ce after the soot oxidation reaction carried out under inert conditions by in situ XPS at 250 °C ([Figure S9](#SD1){ref-type="supplementary-material"}). This evidences a Ce^4+^-to-Ce^3+^ reduction degree of 12 and 24 % for conventional and enhanced contact mode, respectively, which is consistent with a stronger oxygen reverse spillover accelerated when ceria at nanoscale is covered by a carbon envelope. A temperature-programmed reaction of soot/catalyst mixtures under inert conditions confirms the above-mentioned findings by showing augmented CO~2~ evolution in milled sample compared to a conventional sample ([Figure S10](#SD1){ref-type="supplementary-material"}).

The most accepted mechanism for soot oxidation over ceria in the presence of O~2~ relies on the formation of active oxygen species by oxygen adsorption on the surface of ceria reduced by soot at the contact points located at the soot/ceria interface.\[[@b7]\] The high-energy milling has the effect of progressively reducing the presence of large 3D soot clumps and distributing more or less uniformly the carbon over the catalyst by wetting the catalyst surface with an almost 2D thin layer of carbon. The lubricating properties and plasticity of carbon, associated with the different hardness of the two components (0.9--1.3 vs. 4.8 GPa for carbon soot and CZ, respectively),\[[@b8]\] certainly plays an important role in this regard. Under these conditions, the reducing power of carbon coupled with the very high number of contact/interfacial points promote ceria--zirconia reduction and activate the oxygen path at much lower temperature. In addition to the multiplication and quality of contact points achieved with this methodology, the continuous bond rupture/formation typical of high-energy milling and the shear and friction forces that ultimately favour an intimate CZ--carbon contact can lead to modification of the shape of the solid solution which causes exposure of more active surfaces that can further promote the oxidation reaction.\[[@b9]\] The presence of defects induced by shear and friction forces is in fact observed with HRTEM in the final composite materials ([Figure S7](#SD1){ref-type="supplementary-material"} B). The modification of the carbon morphology in contact with ceria--zirconia particles can also contribute to the enhancement of the oxidation rate; as can be seen from [Figure S11](#SD1){ref-type="supplementary-material"}, the XPS C1s peak broadens when forming the carbon envelope as a consequence of the large structural disorder characterizing different carbon species at the surface strongly interacting with CZ.

In summary, it is shown that the creation of an appropriate catalyst/carbon arrangement at nanoscale enhances by two orders of magnitude the soot oxidation rate and proves that the oxygen of ceria can be transferred and activated at low temperatures of 50--150 °C.

Experimental Section
====================

Ceria--zirconia particles were prepared by precipitation of an acidic solution of cerium nitrate with NH~4~OH in the presence of H~2~O~2~. The precipitate was dried overnight at 100 °C and calcined in air at 500 °C for 3 h. The samples were characterized by X-ray diffraction, N~2~ adsorption, temperature-programmed reduction, high-resolution transmission electron microscopy, and X-ray photoelectron spectroscopy. Details on the characterization methods are given in the Supporting Information.

Conventional catalyst/soot mixtures were obtained in tight contact mode by mixing the appropriate amount of Ce~0.8~Zr~0.2~O~2~ with soot (Printex U by Degussa) in an agate mortar for 10 minutes. Improved contact was achieved in a high-energy Spex mill equipped with nine zirconia balls (*Φ*=10 mm) and a 50 mL jar. In a typical experiment 1.2 g of ceria--zirconia particles were milled with 0.06 g of soot corresponding to a ball-to-powder ratio of 22:1. The milling time was set from 10 minutes to 8 h. The soot oxidation activity was measured in O~2~/N~2~ mixtures by running thermogravimetric analysis (TGA) and TPO experiments. As a measure of activity we used the temperature at which 50 % of soot weight is lost under working conditions (*T*~50~). The corresponding derivative function will give the peak temperatures indicated as *T*~m~. Reaction-rate measurements were performed by isothermal experiments at temperatures ranging from 160--200 °C in air and inert atmosphere as detailed in the Supporting Information.
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